To investigate the eVect of the phosphorothoate insecticide profenofos on male speciWc gene expression on rat testis, 16-week-old Wistar rats were orally administered at dose of 17.8 mg/kg twice weekly for 65 days. Gene expression in the testes was monitored by DNA microarray analysis and real-time RT-PCR, which revealed that genes related to steroidogenesis including cytochrome P450 17A1 (CYP17A1), steroidogenic acute regulatory protein (StAR) and CYP11A1 were signiWcantly increased. Besides the testes were histopathologicaly examined, which revealed testicular destruction and degeneration represented by a layer of columnar epithelium, oedematous changes surrounding the seminiferous tubules besides vacuolated spermatogonial cells and more elongated Leydig cells. These data suggest that profenofos considered as one of the male reproductive toxicants. Furthermore, we propose that the above three steroidogenic-related genes and the gene of acrosomal reaction as potential biomarkers of testicular toxicity.
Introduction
Currently used pesticides, however, are broad-spectrum biocides that are toxic not only to target arthropods but also to vertebrates and mammals. The organophosphorus, profenofos [(O-4-bromo-2-chlorophenyl) O-ethyl S-propyl phosphorothioate] is a broad-spectrum organophosphate insecticide and acaricide used widely for agricultural and household purposes (Prabhavathy et al. 2006) . The toxicity by profenofos appeared fatal even at a relatively low plasma concentration as recorded in a case of fatal human poisoning where high concentrations of metabolites were detected suggests profenofos is rapidly metabolized (Gotoh et al. 2001) . Profenofos is bioactivated, probably by phosphorothioate oxidation with microsomal enzyme and NADPH (Wing et al. 1983; Glickman et al. 1984) . The toxicity proWle of profenofos in vitro, using lymphocytes from peripheral blood samples of healthy human donors via comet assay revealed single strand breaks in DNA as comet tail lengths, which indicate genetic damage (Prabhavathy et al. 2006) . Previous studies have revealed that at low doses, organophosphorus pesticides not only act as genotoxic agents but also, aVect several other biochemical pathways where profenofos induced apoptosis and necrosis in cultured human peripheral blood lymphocytes under in vitro conditions using the DNA diVusion assay .
Concerning the reproductive toxicities of organophosphorus pesticide, the methyl parathion caused increasing in the levels of abnormal sperm and testosterone, whereas the luteinizing hormone level and total number of seminiferous tubules decreased in the testis besides a few tubules showed exfoliation of epithelium and vacuoles in the testis of the treated newborn Wistar rat (Narayana et al. 2006) . The pesticide vinclozolin, which is known as an endocrine disrupting chemical regarding spermatogenesis and gene expression revealed signiWcant increase in the expression level of mRNAs of the testicular steroidogenic enzyme genes; cytochrome P450 (CYP) side chain cleavage (P450scc or CYP11A) and CYP17A (Kubota et al. 2003) . The testicular histomorphological studies of the organophosphorus insecticide pollutant quinalphos was detected in albino rats showing shrinkage of the tubular diameter and testicular atrophy leading to degenerative changes in the germinal epithelium (Debnath and Mandal 2000) .
The reproductive toxicity of profenofos in mammalian germ cells was studied by El Nahas et al. (1989) . They reported the chromosomal aberrations in spermatogonial cells and sperm abnormalities in mice after profenofos treatment, and showed damaging eVect on spermatogonial cells via signiWcant increase in structural chromosomal aberrations and on sperm morphology via signiWcant increase in sperm abnormalities and signiWcant decrease in sperm count and motility.
In current study, we evaluated the relationship between potential reproductive toxicity and diVerential gene expression proWles of rat testis through DNA microarray analysis. Furthermore, we pathologically examined the eVect of profenofos on rat testis by electron microscopy technique.
Materials and methods

Animals and treatments
Sixteen-week old Wistar rats (SLC. Hamamatsu, Japan) were divided into two groups, of three rats each, and given laboratory feed and water ad libitum. Treatments of all animals were performed according to the policies of the Institutional Animal Care and Use Committee of Hokkaido University. Rats were given 17.8 mg/kg profenofos (1/20 of LD50), vehicle (distilled water) orally for 65 days (twice weekly) (Kniewald et al. 2000) . Twenty-four hours after the last dose, rats were sacriWced with carbon dioxide and testis were removed and kept in 1.5 ml tubes and snapped in liquid nitrogen and kept at ¡80°C until use.
RNA extraction
Total RNA was isolated from 50 mg of testis using TriReagent (Sigma-Aldrich, MO, USA). BrieXy testis tissue samples were homogenized in 1 ml of TriReagent then 0.3 ml of chloroform was added to the sample. The mixtures were then shaken for 30 s followed by centrifugation at 4°C and 15,000g for 20 min. The supernatant layers were transferred to a new set of tubes, and an equal volume of isopropanol was added and the samples were shaken for 15 s and centrifuged 4°C and 15,000g for 15 min. The RNA pellets were washed with 70% ethanol. RNA was dissolved in DEPC water. The prepared RNA was checked by electrophoresis, and showed that the RNA integrity was Wne then it was further checked by measuring the optic density on spectrophotometer. The optic density of all RNA sample was 1.7-1.9 based on the 260/280 ratio.
RT-PCR
A mixture of 5 g of total RNA and 0.5 ng oligo dT primer in a total volume of 24 l sterilized ultra-pure water, was incubated at 70°C for 10 min and then removed from the thermal cycler and completed to 40 l with a mixture of 8 l (5X) RT-buVer, 2 l 10 mM dNTP, 2 l DEPC water, and 2 l of reverse transcriptase (TOYOBO CO., Ltd., Osaka, Japan) and incubated in the thermal cycler at 30°C for 10 min, 42°C for 1 h, and 90°C for 10 min.
DNA microarray analysis
Standard AVymetrix (Santa Clara, CA) protocol required 10 g of total RNA with a minimum 260:280 ratio of 1.80. Double-stranded cDNA was synthesized from the pooled total RNA from testes of three rats using reverse transcription with an oligo-dT primer followed by RNase A treatment and DNA polymerase synthesis of the second strand. The double-strand cDNA was used as a template for an in vitro transcription reaction using biotinylated cytosine 59-triphosphate and uridine 59-triphosphate to produce labeled cRNA (MessageAmp II Biotin Enhanced, Ambion, Austin, TX). The biotinylated cRNA was then fragmented and hybridized to the GeneChip Rat Expression Array 230A (AVymetrix). The microarrays were processed with AVymetrix GeneChip Fluidics Workstation 400, stained with phycoerythrin-coupled streptavidin, and scanned on a GeneArray Scanner. Microarray data were scaled to a target signal of 125 and analyzed with Microarray Suite 5.0 software (AVymetrix). Raw data were processed with the statistical algorithm according to the AVymetrix instruction (http://www.aVymetrix.com/support/technical/whitepapers. aVx) and a global scaling adjustment was applied. The GeneChip software provided a detection P-value, which is calculated using the one-sided Wilcoxon's signed rank test from the probe set of each gene. We picked up the data, which showed the P-value smaller than 0.04 as "present" signals. We also decided the alteration of gene expression, referring the data, which provided by AVymetrix Data Mining Tool using the One-Step Tukey's Biweight Estimate. The qualitative assessment "increase" and "decrease" were considered as alteration data of RNA expression in testis, but we selected out the data, which were called as "marginal decrease", "marginal increase" or "no change". Then, we picked up the gene, which showed more than twofold or 0.5-fold diVerence between the control and treated groups.
Real-time PCR
For quantiWcation of the steroidogenic enzyme (CYP11A1, CYP17A1, StAR) mRNAs expression in testes, a real-time PCR approach was used, we used the ABI PRISM 7,700 Sequence Detection System (Applied Biosystems, Foster City, CA) according to the manufacturer's instructions. The ampliWcation reactions were performed in 20 l Wnal volume containing 10 l of 2 TaqMan Universal PCR Master Mix (ABI), 1 l of TaqMan ® Gene Expression Assays (ABI), and 9 l of cDNA. The conditions of PCR were 2 min at 50°C followed by 10 min at 95°C and then 40 cycles of 15 s at 95°C and 1 min at 60°C.
Plasma testosterone measurement
Plasma testosterone was measured by ELISA using the Testosterone EIA kit (Cayman Chemical Co. Ann Arbort 
Histopathology
To investigate the relationship between histopathological alterations and testicular male speciWc gene expression changes, we evaluated the testis histopathologically for light and electron microscope methods, where the data of the testis stained with hematoxylin eosin stain (HE) considered as a guide for more detailed histopathological lesions by electron microscope. Samples of rat testicular tissues of the control and treated groups were Wxed by immersion in 3% glutaraldehyde solution in 0.1 M phosphate buVer solution (pH 7.4) for 2 h followed by post-Wxation in 1% osmium tetraoxide (OsO4) in. 0.1 M phosphate buVer (pH 7.3) for 2 h at 4°C. Then the tissues were dehydrated in up-graded ethanol and Wnally embedded in Quetol 812 (Nissin EM, Tokyo, Japan). Semi-thin sections (1 m) were stained with 1% methylene blue. Ultra-thin sections were double stained with uranium acetate and lead citrate, and photographed with a transmission electron microscope (JEM 1210, JOEL, Japan).
Statistical analysis
All data are expressed as mean § SD. An unpaired T-test was used to evaluate the comparisons between two mean of two groups. P value less than 0.05 were considered statistically signiWcant.
Results
DNA microarray analysis of gene expression in the testes
Regulation of the rat testis genes by profenofos was analyzed using DNA microarray. Testes isolated from profenofos-treared rats showed up/down-regulated genes related to steroidogenesis and acrosomal reaction (Tables 1, 2 ). In particular, we identiWed induction in steroidgenesis-cascade in the testis of profenofos treated groups. Genes related to steroidogenesis such as CYP17A1, StAR and CYP11A1 were up-regulated (2.83 and 4.29-fold changes, respectively, compared to control). Profenofos also down-regulated the expression of glycine receptor gene (the gene related to acrosomal reaction), which decreased by 0.54-fold change compared to control. 
Real-time RT-PCR analysis of gene expression in the testes
The data of DNA microarray was veriWed by quantitative real-time RT-PCR where the expression of the mRNAs of the steroidogenic enzyme genes showed signiWcant increase as following; CYP11A1 increase about 2.5-fold change (Fig. 1a) , CYP17A1 increase by 2.5-fold change (Fig. 1b) , StAR increase about Wvefold change (Fig. 1c) .
Testosterone concentration in plasma
Testosterone concentrations in plasma were shown in Fig. 2 . Profenofos treatment signiWcantly increased the testosterone levels in male rats. The testosterone levels in profenofos treated rats were twofold higher than that in control animals.
Histopathological Wndings of testes
We found the testicular degeneration, congested blood vessels with edema among somniferous tubules in HE photographs (data not shown). The characteristics of the pathological lesions showed testicular destruction and degeneration represented by a layer of tall columnar epithelium with edematous changes surrounding the seminiferous tubules leading to displacing the interstitial cells away from the seminiferous tubules and basement membrane (Fig. 3b,  c) . Besides that the nuclei of the spermatogonia appeared vacuolated and these vacuoles including dense and coalesced materials might be resulted from destruction and degeneration of some organelle (Fig. 3d) . Some sections showed azospermia and spermatid abnormalities, besides strange cytoplasmic inclusion bodies in some spermatogonial cells and also, there is elongation of Leydig cells may indicate more activity (Fig. 3e ).
Discussion
Organophosphorus (OP) pesticides have been widely used in a variety of agricultural, commercial, and household applications. Organphosphates make up the major class of pesticides (US. EPA http://www.epa.gov/oppbead1/pestsales/99pestsales/usage1999_3.html), yet little is known about their potential genomic eVects. The goal of the present study was carried to evaluate the testis toxicity in mature male rats exposed to the phosphorothioate OP profenofos, where this experiment was made to detect the relationship among the toxicological eVects of profenofos, the alteration in the gene expression proWles and histopathological changes for the testes. The results of semi-quantitative DNA microarray analysis revealed that the steroidogenic genes (CYP17A1, CYP11A1, StAR) were up-regulated in profenofos-treated rats. The previous literature referred that CYP17A1 is a key enzyme in hormonal steroidogenesis mediating androgen biosynthesis where it catalysis two reactions. The CYP17A acts in 17 alpha hydroxylation and the cleavage of the C-17, 20 bond C-21 steroids (Valle et al. 2002; Voutilainen et al. 1986 ). The rate limiting step in steroid biosynthesis is regulated by acute regulatory protein (StAR) (Stocco and Clark 1996; Stocco 2001) , where StAR mediates the transfer of cholesterol from the outer to the inner mitochondrial membrane, where cholesterol is then converted by CYP11A1 to pregnenolone, the precursor for all steroids (King et al. 2002) , where it well accepted that StAR and other steroidogenic genes expressed in the gonads (Simpson and Waterman 1988; Waterman 1994) . The similarities in the known biologic functions of these genes and their relation to steroidogenesis suggest that exposure to profenofos may increase the possibility of steroid genesis. Regardless, these three steroidogenic genes are a starting point in the search for a genetic biomarker of the testis toxicity of exposure to profenofos and perhaps other pesticides. The up-regulation of CYP17A1, CYP11A1 and StAR genes, which Wrstly screened by DNA microarray and veriWed by quantitative real-time RT-PCR, appeared to cause extraordinary increase in testosterone level. Recently, it has been indicated that an abnormally high level of intratesticular testosterone inhibits spermatogenesis (Meistrich and Kangasniemi 1997; Tohda et al. 2001) , where these consecutive studies conducted by Meistrich and coworkers, strongly suggest that a supra-higher level of testosterone directly inhibits spermatogenesis and this inhibition is due to apoptosis of spermatogonia caused by the high level of testosterone (Shetty et al. 2001; Tohda et al. 2001) . The EPA reported that profenofos did not show any reproductive toxicity in male rats at the dose of 20 mg kg ¡1 day ¡1 for 90 day (http://www.epa.gov/pesticides/op/profenofos/prof_hed.pdf). In our preliminary experiment, we observed suppressive eVect of profenofos on testosterone levels before 65 days (data not shown). We suggested the toxicological eVects of profenofos might be reversible and it was possible that feed back phenomenon caused the induction of testosterone production and testis enlargement at the administration day of 65. Further study may be needed to clarify this point.
We suggested that the increase in the level of testosterone in organophosphate treated rats may be due to following mechanisms. Firstly, increase in serum testosterone concentrations may be explained by the fact that the treatment causes an increase in serum LH concentrations in male rats, circulating LH is responsible for maintaining normal increased serum testosterone concentrations (Ellis and Desjardins 1982) . The high LH concentrations stimulate the Leydig cells to release large amounts of testosterone. Secondly, organophosphates pesticides may act directly on Leydig cells to stimulate testosterone synthesis (Morris and Saxena 1980) . The second speculation is virtually consistent with the present study of histopathologicaly, which included testicular destruction and degeneration represented by a single layer of tall columnar epithelium, oedematous changes surrounding the seminiferous tubules, the cytoplasm of spermatogonia vacuolated and these vacuoles contain dense and coalesced materials from degeneration and destruction of other organelles, intracytoplasmic inclusion bodies in spermatogonia and abnormalities in spermatids besides elongation in Leydig cells. All these histological lesions conWrmed our speculation that profenofos mediates its testicular toxic eVect by acting directly on the testis tissues as previously mentioned. The stimulation of gonadotrophins releasing hormones and increase of LH secretion, which conWrmed by the ultrastructure of Leydig cells leaded to increase in the level of testosterone via increasing the levels of steroidogenic enzyme genes, which recorded in this study. The concentration of plasma GnRH in profenofos treated rats were 1.5-fold higher than those of control animals (data not shown) suggesting the possibility of acceleration of testosterone productive cascade. The plasma LH and hypothalamic GnRH concentration or synthesis of mRNA of these peptide hormones should be measured to elucidate the eVect of profenofos on testicular function.
In our conclusion, the present investigation of the relationship between histopathological alteration and testicular gene expression of steroidogenesis and fertilization suggest that the phosphorothioate profenofos considered one of the chemicals that may lead to testicular toxicity and aVecting on male fertility.
